Abstract
Introduction
Except in electroanalytical and (bio)sensing fields where serve as standard redox probes for testing electrode activities 1,2, presence of a redox active couple in a supporting electrolyte solution has also been considered valuable in the field of electrochemical capacitors, EC, and supercapacitors, SC, 37. Within this context of research, high redox reaction rate coupled with high electrode capacitances accomplished mostly by high surface-area carbon electrodes has been considered advantageous for EC/SC devices with improved charge storage properties. The main goal with using redox electrolyte is to increase the total charge capacity, Q T , of the system, by adding the charge realised by redox reaction, Q redox , to already existing electrode doublelayer/pseudocapacitive charge, Q electrode , according to the scheme given below.
Scheme 1. Scheme of redox couple reaction at an electrode
Along with some other redox systems that have already been tested for such a purpose 8,9, the ferro/ferricyanide, Fe(CN) 6 3/4 , redox couple was found useful due to high redox reaction rate and adequate standard redox potential 5,10,11. For a long time, the redox reaction R-1 has been considered a typical outer-sphere electron transfer reaction 1214, what is inherently associated with fast electron transfer reaction controlled by mass transport of redox active species toward/from the electrode surface. In dependence not only on kind, concentration and pH of the supporting electrolyte, 1517, but also on chemistry, morphology and electronic properties of a carbon electrodes, charge transfer can be suppressed, resulting in decreased rate of R-1 that becomes additionally controlled by electrolyte and/or electrode surface/bulk properties 1, 17 . Explanation was given in the terms of either surface adsorption of redox ions 7,10 or retention of some amount of charges at the electrode surface or near-surface region by thin-layer electrochemistry, TLE 26. TLE is usually accomplished with highly porous materials 26,27 and its electrochemical response has been found equivalent to adsorption of reaction species at the electrode surface 26. These results suggest that these types of carbon electrodes store redox charges at the electrode surface, exhibiting enhanced electrode capacitance through a pseudocapacitive effect 3,7,28.
Although distinguishing between only diffusion and adsorption/TLE controlled redox reaction kinetics can easily be performed by electrochemical impedance spectroscopy, EIS, technique 28, EIS has been applied sporadically in this field, giving mostly superficial information 9,11,15,25. Herein, in addition to ordinary CV experiments, the results of measurements and analysis of impedance spectra measured at graphite and glassy-carbon electrodes in the supporting electrolyte containing Fe(CN) 6 3/4 redox couple will be presented. In spite of possible complications due to PB formation, 0.5 mol dm 3 H 2 SO 4 was chosen for the supporting electrolyte due to its enormous effect on enhancement of specific capacitance/pseudocapacitance values of carbon electrodes 1,3,30.
Experimental
All experiments were performed in conventional three-electrode cell, filled with 0. Figure 1a . values for GC electrode. Peak separation values, E pp = (E pa  E pc ), usually utilized to assess electron transfer activities 1,35 are 70 mV (at all ) for GC electrode and between 36 and 45 mV (dependent on ) for G electrode, respectively. Slopes of the power law relationship between log of peak current density, j pa , and log  are shown in Figure 1b . The values of slopes were calculated as 0.49 for GC and 0.65 for G electrode, respectively. Note that E pp  57 mV for one electron transfer and slope = (dlog j pa /dlog ) = 0.5 have already been theoretically predicted for ideally reversible redox reaction with mass transport (diffusion) controlled kinetics, while E pp = 0 and (dlog j pa /dlog) = 1 are predicted for fully confined redox species resulting in pseudocapacitance. A mixed process is predicted for all slopes (dlog j pa /dlog) found between 0.5 and 1 3,35. Consequently, the results presented in Figure 1 indicate almost reversible, diffusion controlled kinetics of Fe(CN) 6 3/4 redox reaction at GC electrode and a mixed process including some retention of redox active species at the G electrode surface, respectively. CVs similar to that of GC electrode presented in Figure 1a , denoting reversible or quasy-reversible reaction kinetics, have already been reported not only for slightly modified GC electrode 36, but also for micro-bundles of multi-walled carbon nanotubes 22, porous diamond 23, porous boron-doped diamond/carbon nanotubes 24, graphene paper 11 and reduced graphene oxide sheets electrodes 25. At the other side, CVs similar to that of G electrode presented in Figure 1b , indicating some retention of electroactive species at the electrode surface were already observed for activated carbon 10 and vertical arrays of macroporous single-walled carbon nanotube electrodes 26.
Impedance spectra of GC and G electrodes in H 2 SO 4 /K 4 Fe(CN) 6 redox electrolyte
Impedance spectra of glassy carbon, GC, and graphite, G, electrodes measured in 0.5 mol dm Figure 1a) . Z is impedance magnitude,  is phase angle while  = 2f is angular frequency.
As is seen in Figure 2 , Bode plots of both carbon electrodes are of similar values and also of similar frequency responses at the same potential values. At high to medium frequencies, both impedance spectra show resistive (log Z slopes  0 and   0) to capacitive responses ((log Z slopes  1 and   90), what is typical for electrolyte resistance and double-layer capacitive impedance responses 29. At lower frequencies, however, the shapes of Bode plots in Figure 2 becomes typical for semi-infinite diffusion controlled faradaic reaction (log Z slopes  0.5 and   45) 29, what for both electrodes become the most prominent at E = E 0 = 0.40 V SCE (cf. Figure 1a) .
The shifts of capacitive impedance lines in log Z and  curves in Bode plots in Figure 2 , are evident for both electrodes, but are more prominent for G vs. GC electrode. These shifts indicate changes in double-layer capacitive impedance values at different potentials, what has already been noticed for various types of carbon electrodes 32,33,37,38. Potential dependence of double-layer capacitance values of carbon electrodes is commonly observed phenomenon being usually ascribed to potential dependent pseudocapacitance, generated by fast redox reaction(s) of oxygen containing species formed inherently and more profoundly in acid solutions and/or strongly electrochemically modified carbon surfaces 1,3,12,32,33,39. For here explored GC and G electrodes, potential dependences of capacitive impedances were recorded in the pure supporting electrolyte (0.5 mol dm 3 H 2 SO 4 ) and in the form of Bode plots presented in Figure 3 .
In agreement with previous reports 32, 33 ,37, Bode plots of GC electrode in Figure 3 This has to be ascribed to the fast faradaic reaction of redox active surface carbon oxygen containing species identified as hydroquinone/quinone redox couple with E 0 = 0.35 V SCE in acid sulphate electrolyte 3,12,32,33. For G electrode, however, impedance spectra are not fully capacitive (cf. change of slope of capacitive impedance line and decrease of  values at the lowest frequencies) what can be ascribed to different morphologies and inherent porosity of slightly modified G vs. slightly modified GC electrode surface 40. Anyhow, capacitive impedances that are dominant at medium to low frequencies in impedance spectra of G electrode in Figure 3 , are almost unchanged at given potentials, suggesting that capacitive shifts of Bode plots presented in Figure 2 should be ascribed to presence of the Fe(CN) 6 3/4 redox couple in electrolyte solution. In Figure 4 , Bode plots measured at E = 0.40 V SCE in either pure supporting electrolyte solution or solution containing Fe(CN) 6 3/4 redox couple can be compared for each electrode. Whereas for the GC electrode, Bode plots in Figure 4 do not show differences between capacitive impedance responses measured in absence and presence of Fe(CN) 6 3/4 redox couple (cf.
perfect matches of two capacitive lines and  plots denoted by arrows in Figure 4 ), for G electrode, however, there is a significant decrease of capacitive impedance (increase of capacitance) of the spectrum measured in the presence of redox couple, compared to that measured in pure supporting electrolyte (denoted by shaded area in Figure 4 ). Increase of capacitive impedance in the supporting electrolyte containing redox couple suggest some interaction of Fe(CN) 6 3/4 ions with the G electrode, that in turn has not been observed for the GC electrode surface.
Charge storage on GC and G electrodes in H 2 SO 4 /K 4 Fe(CN) 6 redox electrolyte
The results and discussion on CVs shown in Figure 1 and impedance spectra shown in Figs. 24 pointed to different charge storage mechanisms of R-1 at GC and G electrodes, respectively. The obtained result for GC electrode suggest that R-1 is proceeding as a reversible, bulk diffusion controlled faradaic reaction with the electrode surface serving only as a source/sink of electrons. For this type of reaction, the total charge, Q T (cf. Scheme 1) is stored by a combined effect of already high electrode double-layer capacitance/pseudocapacitance and additional faradaic redox reaction realising the charge, Q redox , stored by the amount of reactants present in the bulk of electrolyte solution 3,7,28. For G electrode, however, the obtained results suggest that R-1 is proceeding partly as a reversible, bulk diffusion controlled faradaic reaction and partly by surface confined species generating a pseudocapacitive effect. Irrespectively to the origin of confinement that can be adsorption, TLE or PB formation, the rate of R-1 is affected by the amount of surface confined species. For this type of reaction, the realised Q redox is stored partly on the electrode surface and partly in the bulk of electrolyte solution, what has generally been considered more beneficial from the EC/SCspecific power point of view 3,7,28.
Conclusions
The present study has demonstrated the efficient application of electrochemical impedance spectroscopy technique in evaluation of the charge storage mechanisms of the Fe(CN) 6 3/4 redox reaction on unmodified GC and G electrodes. Even qualitative analysis of impedance Bode plots measured at, or near formal redox potential of Fe(CN) 6 3/4 redox couple in acid sulphate electrolyte solution pointed to some differences between impedance responses of two electrodes. Whereas the bulk diffusion impedance, indicating almost reversible redox reaction has been detected in impedance spectra of both electrodes, significant diminishing of capacitive impedance, compared to that measured in pure supporting electrolyte has been detected for the G electrode only. Differences in capacitive contributions in impedance spectra pointed directly to different charge storage mechanisms at two electrodes. Almost constant capacitance of GC electrode in impedance spectra measured in either pure supporting electrolyte or in electrolyte containing Fe(CN) 6 3/4 redox couple does not indicate any interactions between electrode surface and electroactive species in electrolyte solution. Contrary to that, significant increase of electrode capacitance of G electrode capacitance of G electrode in the electrolyte containing redox couple points to high extent of interaction between electrode surface and electroactive species in the solution. This interaction is manifested through confinement of some amount of electroactive species at the electrode surface and their fast redox reaction resulting in a pseudocapacitance. All the conclusions derived on the basis of impedance spectra evaluations are fully supported by the results of cyclic voltammetry experiments.
